The three-dimensional structure of Broadhaven virus (BRDV) has been determined to 23 Å resolution by cryoelectron microscopy and image processing. As predicted from sequence homology, the BRDV structure resembles that of bluetongue virus (BTV) with the notable exception of one of the outer shell proteins. The cores of BRDV and BTV are identical at medium resolution; they have a diameter of 710 Å and the VP7 trimers are arranged on a T Å 13 icosahedral lattice. The outer shell proteins, VP5 of BRDV and BTV, have roughly the same molecular weight while VP4 of BRDV is only half the molecular weight of the corresponding VP2 of BTV. This size difference allows unambiguous determination of the identity of the triskelion shape as trimers of VP4 of BRDV (VP2 of BTV). The VP4 of BRDV sits on the VP7 trimers and projects outwards 40 Å , giving the capsid an overall diameter of 790 Å . This contrasts with VP2 of BTV, which projects outwards 95 Å to give the capsid a diameter of 900 Å . The difference in accessibility of the outer shell proteins of BRDV and BTV correlates with the difference in antigenic properties of these viral proteins. The shape of the BRDV VP5 indicates that it too is a trimer, thus implying that there are 360 copies of VP5 and 180 copies of VP4 per virion.
INTRODUCTION
interest . For example the four capsid proteins of BTV and BRDV show sufficient Broadhaven virus (BRDV) is a member of the Great sequence homology (Table 1) to suggest a structural Island (GI) subgroup of the Kemerovo virus group of the relationship between the capsids of these two viruses. Orbivirus genus in the Reoviridae family. Members of the This resemblance is confirmed, to a first approximation, GI subgroup are transmitted to seabirds by ixodid tick by electron microscope images of negatively stained BTV species. In common with other orbiviruses, the genome (Huismans et al., 1987; Hewat et al., 1992a) and BRDV of BRDV consists of 10 ds-RNA segments which code (Moss and Nuttall, 1994) . However, the two outer capsid for 10 viral proteins (VPs), 7 of which are structural and 3 proteins of BTV and BRDV exhibit marked differences in nonstructural (reviewed by Roy, 1996a,b; Mertens, 1994) . their antigenic properties. While VP5 of BRDV plays a The virus is nonenveloped with a double-shelled capsid major role in the determination of virus serotype (Moss of icosahedral symmetry. Each shell is composed of two et al., 1987, 1988) , the equivalent VP5 of BTV plays only VPs and the three additional structural VPs are found a minor role (Mertens et al., 1989) . VP2 is the major within the core. During the infection cycle, the two VPs serotype determinant of BTV and it has been shown to of the outer shell are removed leaving the intact core block cell attachment (Huismans et al., 1983) . Thus there (in the cytoplasm), which synthesises mRNA using viralis strong evidence that a cell receptor site resides on encoded enzymes including a polymerase (VP1 of BTV).
VP2 of BTV. For BRDV, it is probable that VP4 (equivalent BRDV provides an ideal model system to study an of BTV VP2) contains a cell receptor site as it determines orbivirus because extensive safety precautions are not neurovirulence (Nuttall et al., 1989) . None of the cell rerequired. Its ability to reassort with other members of the ceptors of orbiviruses are known. GI subgroup (i.e., to exchange segments of ds-RNA dur-
The Reoviridae family of viruses has received considing co-infection), facilitates studies of how genetic detererable attention from structural biologists. The structures minants modulate the pathogenic phenotype of these of at least one member of each of the four major genera, viruses (Nuttall et al., 1990 . The evolutionary relaRotavirus Yeager et al., 1994) , tionship of GI subgroup viruses with bluetongue virus Orthoreovirus (Metcalf et al., 1991; Dryden et al., 1993) , (BTV) makes their sequence and structure of particular Orbivirus (Prasad et al., 1992; Hewat et al., 1992a) , and Aquareovirus (Shaw et al., 1996) , have been determined to intermediate resolution by cryoelectron microscopy.
four genera of the Reoviridae that infect mammals. The Preparation and observation of electron microscope specimens Aquareovirus infect fish and members of four other genera infect insects and/or plants. BTV, the type species of Negatively stained specimens of BRDV were prepared the Orbivirus genus, which infects ruminants, has been in uranyl acetate by standard techniques as described the object of particular attention largely because of its in Hewat et al. (1992b) and observed at 100 kV in a Zeiss considerable economic importance to the farming com-10C electron microscope. munity worldwide. The structure of the core of BTV (i.e., Frozen-hydrated specimens were prepared as dethe native virus particle with the two outer shell proteins scribed by Hewat et al. (1994) . A 4-ml sample of the removed) is currently being studied by X-ray crystallograspecimen was applied to a non glow discharged thin phy (Burroughs et al., 1995; Grimes et al., 1996) . The BTV carbon film supported by a holey-carbon film on a 400-core with a diameter of approximately 700 Å is a major mesh copper grid. After 30 sec the excess was blotted challenge for crystallography. The strategy adopted by with filter paper for 1-2 sec and rapidly plunged into Grimes et al. (1996) was to solve the structure of the liquid ethane at 0175Њ. This technique was adopted to trimeric VP7 (Grimes et al., 1995) and then to fit this increase the visible virus concentration. Specimens were structure to the 22 Å cryoelectron microscopy map of the observed at a temperature of approximately 0180Њ using core (Prasad, unpublished) .
a Gatan 626 cryoholder in a Phillips CM200 operating at In this paper we present a 3D reconstruction of the 200 kV. Images were obtained under low dose conditions native BRDV particle to a resolution of 23 Å and compare (õ10 e/Å 2) at a nominal magnification of 27,500 times the cryoelectron microscopy structures of BTV and BRDV. and 1.2 and 3.5 mm underfocus. The images were reIn the long term we hope to make the correlation between corded on Kodak SO163 electron image films and develstructural and functional differences of the individual viral oped in full-strength D19 developer for 12 min at room proteins of BRDV and BTV. Each of the equivalent major temperature. The magnification was calibrated in an incapsid proteins of BTV and BRDV has approximately the dependent experiment using the 23 Å pitch of tobacco same molecular weight with the notable exception of VP2 mosaic virus. of BTV, which has roughly twice the molecular weight of the equivalent VP4 of BRDV. This considerable difference Image analysis in molecular weight and shape allows clear identification Preliminary selection of micrographs for analysis was of the two outer shell proteins and a partial explanation performed as described previously (Schoehn et al., 1996) . of their different antigenic properties.
Six different defocus pairs were digitised using an Optronics microdensitometer coupled to a PC, with a step size of 12.5 mm, which corresponds to a pixel size of MATERIALS AND METHODS 4.30 Å at the specimen, taking into account the corrected Growth and purification of Broadhaven virus microscope magnification of 290001. Particle image selection and preprocessing were performed on a Silicon BRDV was grown from virus stock as described preGraphics computer using the Semper 6 Plus image analviously (Moss and Nuttall, 1986) . Growth and purification ysis package. Images were reinterpolated to a pixel size procedures were adapted from Moss and Nuttall (1986) . of 1.7 times the original so that 128 1 128 files could be BHK cells grown to confluency in L15 medium suppleused. The selected particles were masked and normalmented by 3% foetal bovine serum were inoculated with ised by subtracting the mean and any density gradient virus at 1 PFU/cell. The cells were harvested 40 hr postinpresent and normalising the standard deviation. The parfection and centrifuged at 3000 rpm for 20 min. The suticles were precentred by cross correlation with a disk. pernatant was discarded and the pellet redissolved in 5
Further image analysis was performed on a DEC Alpha ml NTE (1 mM EDTA, 200 mM Tris, pH 8, 100 mM NaCl) using modified versions of the MRC icosahedral pro-2% Triton buffer. After homogenisation by 10 strokes with grams and polar Fourier transform programs (Baker and a Potter homogeniser and centrifugation for 10 min at Cheng, 1996) supplied by S. Fuller (Fuller et al., 1996) . 2000 rpm, the supernatant (I) and pellet were separated.
The method of common lines (Crowther, 1971 ) was only The pellet was dissolved in 5 ml NTE 2% Triton and used for the first determination of particle origins and extracted three times with 5 ml freon. The resultant suorientations for the high defocus images. The polar Foupernatants were pooled and the pellet discarded. Three rier transform programs were used for all subsequent further freon extractions were performed and the superorientation and origin determinations. The reconstruction natant run on a continuous sucrose gradient 40-66% w/ from the high defocus images was used as a starting w in a SW41 rotor for 17 hr at 32,000 rpm. The band of model for the analysis of the low defocus images. The virus was diluted in NTE and a centricon was used to orientations obtained were used to compute a low defocus reconstruction, which was used as starting model concentrate the virus.
to refine the structure. After numerous refinement cycles the orientations stabilised. For the final reconstruction 29 particles from only two negatives with essentially the same defocus were included to give a reconstruction including information to 23 Å resolution. For this data set all inverse eigenvalues were less than 0.1 and the phase residual went to 90Њ at about 22 Å 01 . No correction for the CTF was made.
The reconstruction of BTV was performed on the data of Hewat (1992a). Use of polar Fourier transform orientation determination gave an acceptable phase residual to 39 Å . The first zero of the CTF was 45 Å , so the sign of the data was changed beyond this resolution. The reconstruction was computed with 17 particles.
The reconstructions of the BRDV and BTV were made from micrographs with widely different imaging conditions and hence different CTFs. Thus in order to better compare the density maps, the average radial amplitude of the particle Fourier transforms for the reconstruction BRDV was forced to that of the BTV and the resolution limited to 39 Å . This is not a complete CTF correction, just a minimal correction to bring the CTF of one reconstruction into line with another.
Isosurface representations of the reconstructed density were visualised using Explorer on a SGI. The density corresponding to individual VPs was extracted from the reconstructed density by creating masks using the Semper 6 Plus image analysis package. For each layer the outline of the VP was chosen to coincide with the minimum density between adjacent regions of density.
RESULTS AND DISCUSSION

Electron microscopy of BRDV
In the electron microscope native BRDV particles appear as slightly textured spheres, 790 Å in diameter, with no obvious ordered structure, very like BTV particles (Fig. 1A) . This is true of virus particles observed in both the frozen-hydrated state and after negative staining. In some preparations a range of incomplete particles ranging from subcores to the native virus particle were visible. The core particles, i.e., the virus particle minus the two outer shell proteins, exhibit a well-defined capsomeric structure indistinguishable from the BTV core particle. Virions lacking the viral genome (Fig.  1A ) often appear to contain clumps of protein within the capsid. This is possibly the polymerase complex as visualised on the fivefold axis of the rotavirus core by cryoelectron microscopy Lawton et al., 1997) . Occasionally hexagonal crystalline arrays of another orbivirus. plot (Fig. 2B) , the peak of density between 230 and 260 Å corresponds to the spherical inner shell of VP2 (cf. VP3 of BTV); the peak of density between 260 and 310 Å corresponds to the base of VP7 (cf. VP7 of BTV) in contact with the VP2 shell; the peak between 310 and 355 Å corresponds to the ''top'' of VP7 plus VP5 (cf. VP5 of BTV); and the peak between 355 and 395 Å corresponds to VP4 (cf. VP2 of BTV). Evidence supporting this attribution for VP4 and VP5 is presented below.
The three density peaks inside the capsid, marked with arrowheads in both Figs. 2A and 2B , are 30 Å apart. Reconstructions of a rotavirus and an aquareovirus (Shaw et al., 1996) showed a similar density ripple just inside the capsid with the ds-RNA present but no ripple for the reconstruction in the capsid in the absence of ds-RNA. Thus we attribute these ripples to a degree of order of the ds-RNA.
The surface representation of the icosahedrally symmetrised BRDV reconstruction, shown in Fig. 3 , resembles that of BTV (Hewat et al., 1992a) . The outer shell of VP4 and VP5 is seen to provide a protective cover over the surface except on the fivefold axes and on the threefold axes, where one VP7 trimer is visible. Both VPs of the outer shell are seen to be trimeric but the triskelion form of VP4 projects further from the viral surface than the more triangular form of VP5.
A surface representation of the VP2 subcore particle extracted from the 3D reconstruction of the whole virus with a spherical mask of radius 260 Å , (Fig. 4A ) is seen to be an almost complete hollow sphere with T Å 1 symmetry. With this information alone we cannot deter- tural relation between these proteins. Using the current X-ray structure of the VP3 subcore of BTV as a model (D.I. Stuart, personal communication), it is possible to In the close to focus cryoelectron microscopy images delimit two molecules of VP2 per assymetric unit in the (Fig. 1C) , many BRDV particles contain a faint concentric BRDV subcore reconstruction. The apparent holes in the ring pattern inside the capsid. The inter-ring spacing is subcore may well permit the passage of metabolites into approximately 30 Å , which is compatible with a liquid the core and mRNA out of the core during infection. In crystal-like ordering of the ds-RNA as seen for the dsthe case of rotavirus particles the nascent mRNA has DNA of herpes simplex virus by Booy et al. (1991) . 
3D reconstruction of BRDV particles Comparison of BRDV and BTV Capsid Proteins
A section through the reconstructed BRDV particle density ( Fig. 2A) A surface representation of the truncated core particle shaped VP4 stand out above all other capsid proteins lying between a radius of 355 and 395 Å (Figs. 5A , 5B, extracted from the 3D reconstruction of the BRDV particle (Fig. 4B) shows the basic similarity of the BRDV core with 5G, and 5H). Each VP4 triskelion covers four VP7 trimers. All the VP7 are covered except the trimers on the threethe BTV core (Prasad et al., 1992) . The core has been truncated at a radius of 290 Å to avoid the complication fold axes (See the example at the centre of Fig. 5H ). Each VP5 trimer sits well into a 6-membered ring of VP7 trimers of VP5 in the representation; thus, only the base of the VP7 trimers are visible. The VP7 trimers are arranged on (Figs. 5A and 5B). There are two nonidentical positions of the VP5 trimers but in each case the interactions of a T Å 13, L lattice. The hand of this reconstruction has not been determined independently. In view of the sequence the VP5 with the VP7 are practically the same (Figs. 5C and 5I). The fivefold axes are not covered by VP5 and an homology between BTV and BRDV capsid proteins it has been assumed that BRDV has the same hand as BTV aqueous channel leads down to the VP2 subcore (Fig.  5B) . The VP7 trimers surrounding the fivefold axis are (Prasad et al., 1992; Hewat et al., 1992b) . The symmetry mismatch between the T Å 1 subcore and the T Å 13 thus accessible to antibodies and possibly cell receptors. VP7 of some serotypes of BTV and AHSV contain a con-VP7 implies that the VP7 trimers are bound to different sites on adjacent VP2 molecules. The interesting question served RGD sequence situated on the top part of the molecule, and it has been suggested that it may bind to of how these proteins adapt to this symmetry mismatch should soon be resolved when the complete X-ray strucan integrin receptor (Grimes et al., 1995; Basak et al., 1996) . In contrast VP7 of BRDV does not contain an RGD ture of the BTV core is known. It is relevant that BRDV core particles were seen to disintegrate leaving subcores sequence nor any of the other known integrin binding sequences. and ''intact'' curved sheets of VP7 trimers (not shown). Thus it may be supposed that the VP7-VP7 interactions Inside the VP2 layer, there is a region of density on the fivefold axis which comes more closely into contact are stronger than the VP7-VP2 interactions and that the inter-VP7 interaction plays a role in the formation of the with the subcore than does the rest of the density attributed to the viral ds-RNA and minor core proteins (Fig.  core . Also the BTV core-like particles, formed by coexpression in baculovirus of VP3 and VP7, have a T Å 13 lattice 5F). It is possible that this density corresponds to the viral polymerase complex as seen in the cryoelectron of VP7 trimers except that they lack the VP7 trimers around each of the fivefold axes (Hewat et al., 1992b) . Hence microscope reconstruction of the rotavirus core . these VP7 trimers around the fivefold axis probably do not play an essential role in forming the T Å 13 lattice. It is None of the trimers of VP4 or VP5 lie on an icosahedral threefold and only one of the VP7 trimers is on an icosanotable that the virus-like particle formed by coexpression in baculovirus of BTV VP2, VP3, VP5, and VP7 contains a hedral threefold axis, so the measure to which they appear to have threefold symmetry is to a certain extent complete complement of VP7 trimers.
Conical segments of the BRDV reconstruction centred an indication of the validity of the reconstruction. Some departure from threefold symmetry is expected because on the fivefold and the threefold axes are shown in Fig. thus the signal-to-noise will be better for the outer shell proteins.
Comparison of the outer shells of BRDV and BTV
The similarity of the BRDV and BTV sequence and structure has enabled the attribution of the four capsid proteins. However, the original attribution of VP2 and VP5 of BTV (Hewat et al., 1992a) was made largely on the basis of biological activity and immunogenic nature of VP2 and VP5 and their relative accessibility as seen in the cryoelectron microscope structure. It is thus interesting to make a more detailed comparison of the two outer capsid proteins since one of these proteins, VP5, has roughly the same molecular weight in both viruses, but for VP2 of BTV the molecular weight is twice as large as for VP4 of BRDV (Table 1) . This difference should allow clear identification of VP2.
A comparison of the outer shell proteins of BRDV and BTV is shown in Fig. 6 . The BTV reconstruction shown is derived from Hewat et al. (1992a) . The existing data on BTV were reanalysed using the polar Fourier transform orientation programs, as described under Materials and Methods, to increase the resolution to 39 Å . The BRDV reconstruction in Fig. 6 is restricted to 39 Å resolution and the contrast transfer function has been modified to coincide with that of the BTV reconstruction. The cores of BRDV and BTV have the same radius, i.e., 355 Å , to within experimental error. However, the outer shell of BTV extends to a radius of 450 Å while that of BRDV extends to only 395 Å in radius. The difference is essentially due to the triskelion forms, which are larger and more prominent on BTV than on BRDV. The thick sections of the outer shell (Figs. 6C and 6D ) illustrate the difference in volume of the outer shell proteins. For the threshold shown, the volumes of VP5 of BTV and BRDV are roughly identical (see Table 2 ) but VP2 of BTV is twice that of VP4 of BRDV. These volumes agree well with the Correlation of antigenic differences between BRDV and BTV and the structure of their outer capsids
As mentioned in the Introduction, there are remarkable of the differences in their environments. The outer shell proteins VP4 and VP5 display a remarkably good threedifferences in the antigenic properties of the outer capsid proteins of BRDV and BTV. While VP5 of BRDV is the fold symmetry, however, the VP7 trimers of the core show some departures from threefold symmetry as judged by major determinant of virus serotype, VP5 of BTV plays only a minor role. However, for both viruses all available visual inspection. There are several reasons for this. An icosahedral reconstruction is always more reliable at evidence points to VP4 of BRDV (VP2 of BTV) as containing the cell receptor site(s). For BTV it has been higher radius. Also, the contrast between the outer shell proteins and the solvent is higher than for the inner proshown that purified VP2 can elicit antibodies which neutralise the virus, block cell attachment, and protect sheep teins, which are surrounded by a higher average density; from BTV infection (Inumaru and Roy, 1987) . Only neuruses indicate that VP5 is the determinant of serotype (Moss et al., 1987) , although, for at least one VP4-VP5 tralising monoclonal antibodies which interact with VP2 of BTV and not VP5 have been characterised. Comparareassortant combination, VP4 affects serotype (M. Nunn and P. A. Nuttall, unpublished data). It would thus appear ble information is not available for BRDV and must be inferred from data on neurovirulence tests of reassortant that not all neutralising antibodies act by blocking the cell receptor site by directly binding to it though they may viruses (Nuttall et al., 1989) . These studies point to VP4 as containing the cell receptor site since it determines block binding to the cell receptor by steric hindrance. Antibodies may of course cause neutralisation by other neurovirulence. However, studies using reassortant vi-STRUCTURE OF BROADHAVEN VIRUS VP7: Comparisons with the Bluetongue virus VP7. J. Virol. 70, 3797- 
